ABSTRACT. An experimental study of ion flow in the edge plasma of the tokamak TEXTOR has been performed. The corresponding predictions of neoclassical theory could be verified qualitatively to a large extent and quantitatively for small densities. The measurements indicate that the observed drift of the ions is due to the neoclassical toroidal plasma flow and ion bootstrap current. The energy density of the drift is significant compared with the total thermal energy density. Application of the model developed for the edge plasma allows an extensive understanding of the characteristic features of the particle exhaust by the pump limiters on TEXTOR.
INTRODUCTION
The study of plasma rotation in tokamaks is of interest as a check for the validity of neoclassical theory in general and for the understanding of the particle and energy transport in particular, for example, Hinton and Hazeltine [ 13 and Balescu [2] . For example, plasma rotation seems to have a decisive importance for the establishment of an H mode, Burrell et al. [3] . The main subject of this paper is an experimental study of the toroidal ion flow in the edge plasma for ohmic discharges in the tokamak TEXTOR and a comparison with tokamak theory. Neoclassical theory predicts for the present plasma conditions a toroidal rotation which is a superposition of a plasma flow, due to angular momentum balance, and an ion current, due to the bootstrap effect. The dependence of the first contribution on the collisionality of the ions is much weaker than that of the second contribution. Although the origin of the two contributions is quite different their dependences on the driving forces, such as the radial gradients of density and temperature, are similar. This fact makes a quantitative investigation of the two contributions difficult, the more so as theoretical results for the bootstrap current have not yet been elaborated for the finite aspect ratio and collisionality regime in the plasma of the present study. The existence of bootstrap currents in tokamaks has been deduced up to now from code interpretations of measurements, for example, for TFTR Zarnstorff et al. [4] and for JET Kim et al. [5] . A measurement of the speed of toroidal plasma rotation -integrated over the plasma cross-section -has been published for one particular ohmic discharge by Bell [6] and by Bugarya et al. [7] . Both results are reported to be consistent with the neoclassical predictions.
Usually the plasma flow is determined indirectly. Sometimes it is determined from the measured radial electric field assuming that the E x B term is the leading one in the angular momentum balance [7] . This assumption is not correct in general, Hazeltine [8] , and especially not for the present investigation. Sometimes the plasma flow velocity is inferred from the measurement of the Doppler shift of impurity lines which may be, however, significantly misleading, Kim et al. [9] .
In this paper we present an experimental study of the Mach number in the edge plasma of the tokamak TEXTOR for ohmic discharges by means of a rotating electrical double probe, acting as a Mach probe.
EXPERIMENTAL SET-UP AND DIAGNOSTIC METHODS
We have developed the rotating electrical double probe to perform calibrated density measurements in magnetized plasmas [lo] and to perform ion temperature measurements in non-streaming magnetized plasmas [ l l , 121. For streaming, magnetized plasmas the probe can be applied to perform Mach number measurements [13] . Figure 1 shows a cross-section of the probe head. The two probe pins are identical cylinders with a length of 5 mm, a diameter of 5 mm and a distance between their axes of 10 mm. They are made of graphite. The probe rotates during a discharge with a frequency of 2 Hz about its axis which is perpendicular to the magnetic field of the tokamak. It is mounted in the equatorial plane of the tokamak TEXTOR ( radial direction. The probe signals are generated in the conventional way in applying a triangular voltage with a frequency of 200 Hz to the probe pins generating an electrical current from which electron temperature and density can be deduced as usual. Figure 3 shows the envelope of the current signal, i.e. the ion saturation current as a function of time and the angle 01 (Fig. 1) . Each time when one probe pin lies in the shadow of the other, i.e. cx = 0 and k180°, the ion saturation current has a minimum value. The up/down asymmetry of the For all measurements performed it has been found that the plasma flow in the shadow of the ALT-I1 limiter is directed towards the nearest limiter surface. For radii r < rALT.11 the plasma flow direction is always in the direction of the ohmic plasma current and independent of the direction of the toroidal magnetic field. The dependence of the Mach number on the mean core density in the shadow of ALT-I1 and in front of ALT-I1 is also different: the Mach number in the shadow of ALT-I1 is almost independent of the core density.
In front of the ALT-I1 edge, however, the Mach number decreases with increasing mean core density and attains zero, Fig. 6 . For that density (ne,cr) the plasma detaches from the limiter. The Mach number scales with the density as M/ ((ne,cr) -( n e > ) = 1.8 x 10' ' cm3 A similar result, cf. Fig. 7 , has been found for discharges for which the ohmic plasma current is reversed, the direction of the toroidal magnetic field being the same as in Figs 6 to 9. The direction of the plasma flow is again parallel to the direction of the ohmic plasma current and the Mach number of the flow decreases with increasing density and tends to zero when the density approaches the value for detachment.
The profound difference of the plasma conditions in front and in the shadow of the ALT-I1 limiter is also obvious from the radial profile of the floating potential of -10--20-the probe, cf. Fig. 8 for ( n e ) = 4 X IO" m-3. In the shadow of ALT-I1 the floating potential is almost independent of the radius while in front of the ALT-I1 edge it shows a steep gradient.
The results reported up to now are averaged over the stationary phase of the tokamak discharge. In a discharge with exceptionally low noise the Mach number has been determined as a function of time. As with the other investigated discharges it is a normal ohmic discharge in the sense that the energy confinement time rE follows the Alcator scaling r E / ( n e ) = const (Fig. 9) . The Mach number measured in front of the ALT-I1 limiter at the radius r = rALT-11 -1.7 cm is shown in Fig. 10 mean density is constant and decreases when the mean density increases. It follows the same scaling with mean core density as found from Fig. 6 , i.e.
M/ ((ne,c.) 
The measured flow throughout the discharge again has the same direction as the plasma current. Figure 11 shows the electron density and temperature at the radial position of the Mach number measurements of It is emphasized that the ion temperature is significantly larger than the electron temperature. This resultwhich has been found before by probes in TEXTOR, TIT, at r = 45 cm in the explored density range is 6.4 _+ 0.7 and becomes larger owing to the disparity of the ion and electron temperature gradients up to about a value of 10 near the limiter edge, a value which has also been found in JET [18] . (It has been found that the ion temperatures in the edge plasma as measured by the probe and also by the spectroscopic method may differ for the same core plasma conditions by 50% for series taken at an interval of some weeks. The reason is not yet clear.)
The relatively high ion temperatures are also expected from theory, Hinton and Hazeltine [25] , and code calculations, Nicolai and Fuchs [26] . The ion temperatures estimated according to the theory of Ref.
[25] are a factor of about two larger than the measured values of Fig. 12 .
DISCUSSION OF THE MACH NUMBER MEASUREMENTS
Each of the measured radial Mach number profiles can be divided into two distinctly different parts separated by the radius rALT-11 of the edge of the ALT-I1 limiter. The observations in the shadow of the ALT-I1 limiter (r > rALT-11) can be explained by the sink effect of the limiter. This effect has been described in many publications and is not the topic of the present paper.
The essential aim of this paper is to demonstrate that the observations related to the Mach numbers in front of the ALT-I1 limiter ( r < ~ALT-II) are neoclassical effects.
The conditions in the plasma adjacent to the ALT-I1 edge are such that one has to expect a superposition of the neoclassical toroidal plasma flow and the ion bootstrap current.
First we want to rule out other effects which can also generate a flow which are, however, not important for the present conditions.
(a) It is true that the measurements in front of the ALT-I1 limiter are performed at radii larger than that of the leading edge of the poloidal limiter rilmpoi -TALT-II -2.7 cm This limiter was inserted because it was feared that otherwise the probe would be destroyed in a series of consecutive discharges. The flow characteristics, however, were not modified significantly. This is evident from the following considerations: -The limiters are electrical conductors defining a plane of equal electric potential. In the shadow of ALT-I1 the influence of this limiter at the position of the probe is evident from the observation that the floating potential of the probe is also constant as a function of the radius, Fig. 8 . For radii r < rALT.11 the floating potential of the probe depends on the radius showing that the poloidal limiter does not dominate the plasma flow in this region.
-It could hardly be understood how a Mach number of, for example, M = 0.5 could be generated by the sink effect at a position virtually in the plane of symmetry between the two sides of the poloidal limiter.
That the poloidal limiter does not affect the Mach number has been confirmed by one measurement in which it was retracted. (c) The drift speed of the ions due to the induced electric field is much smaller than the observed one.
(d) Since the flow is parallel to the direction of the total magnetic field the flow is not directly generated by the E x B field.
(e) Since the direction of the observed currents is independent of the direction of the toroidal magnetic field they are not Pfirsch-Schluter currents.
(f) Since the measurements are performed in the equatorial plane, poloidal asymmetries are not expected to generate the observed flows.
So it is evident that the flows of the plasma and ion bootstrap current extend well into the geometrical shadow of the poloidal limiter owing to the radial diffusion or to the finite width of the banana orbits.
In the following it will be shown that the results of the Mach number measurements are consistent with the related predictions of the neoclassical theory on the toroidal plasma flow and the ion bootstrap current.
Neoclassical theory (see, e.g., Ref.
[l]) predicts that the neoclassical plasma flow and the ion bootstrap current NUCLEAR FUSION, Vo1.34, No. I I (1994) 2-1Cr: have the same directions as the plasma current and are independent of the direction of the toroidal magnetic field. These features are the same as those measured: the direction is observed to be always the same as that of the electrically induced plasma current and it is independent of the direction of the toroidal magnetic field, cf. Figs 6 to 10). Beyond these qualitative agreements suggesting that the measured flow is neoclassical quantitative comparisons also support this interpretation: the neoclassical drift speed of the ions is predicted to be of the order of the thermal ion velocity. For the measured Mach numbers the drift velocity is of the order of the ion sound speed, being of the order of the ion thermal velocity, cf. Figs 6 and 7.
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In Fig. 13 the ion collisionality Y,* at r = rALT-I1 -1.7 cm is shown as a function of the mean core density, together with the limit between the banana and plateau regimes for the aspect ratio of the measurements Rolr = 4 [2]. The discharge conditions are the same as those in Fig. 6 . Obviously the ion bootstrap current is expected to contribute to the total ion flow. To our knowledge theoretical results for the plasma conditions of this study have not yet been obtained. Either the results are obtained as being dependent on the aspect ratio but only in the low collisionality limit, Hazeltine et al. (2) is fairly good. But the decrease of the experimental values with increasing density is steeper. This fact is most probably due to the increase of the drag on the ions by charge exchange processes. A theory about neoclassical plasma flow including the effect of neutrals predicts, Valanju et al. [30] , that this drag effect on the ions becomes significant for values of the neutral deuterium density of the order of 10l6 m-3, which is a realistic value for these discharges. The neutral flux is in fact found to increase with increasing core density, Samm et al. [31] . Since the neutral deuterium density has not been measured the determination of the contribution of the ion bootstrap current to the total experimental value from the difference of the two curves in Fig. 14 The observations on the speed of the poloidal rotation (if assumed equal to the measured phase velocity) show also, Ivanov et al. [32] , that the edge plasma is in the long mean free path neoclassical regime: the neoclassical toroidal plasma flow, being a consequence of the angular momentum balance, is related to the poloidal plasma rotation. The projection of the observed flow parallel to the magnetic field on the poloidal plane has the same direction as the observed poloidal rotation and u0 5 : (Bo/Btor)u~l. The damping of the poloidal neoclassical rotation by ion viscosity has been studied theoretically, Rosenbluth [33] , For binary ion-ion collisions this damping is expected to be insignificant for ion temperatures T, > 100Z1.6 eV, consistent with the measured ion temperatures (Z is the effective ion charge). This relation depends only weakly on the density ( -n2") and holds as quoted for all densities of Fig. 6 .
With increasing mean core density the poloidal rotation speed tends to zero for the same density value [32] as the toroidal speed does, Figs 6 and 7.
LIMITATIONS OF THE MEASUREMENTS AND OF THE COMPARISON WITH THEORY
The essential part of the conclusions relies on the measurement of the Mach numbers. These values are lower limit values because the mean ion Larmor radius is not very small compared with the probe pin radius.
Limited knowledge of the density of the impurities implies an uncertainty of the collisionality . Assuming as an upper limit an impurity level of 10% and an effective ion charge Z = 3 in the edge plasma the collisionality would be larger by a factor of about 2, i.e. the above conclusions would in essence be the same. As far as the comparison with theory is concerned it should be noted that the locally measured values are compared with the theoretical results of Eq. (2) which are flux averaged values. This may imply a difference of the order of E or about 25 % . Equation (2) The value of F -1 for the density range investigated in Fig. 6 varies over two orders of magnitude, Fig. 15 . The weak coupling condition is not satisfied for the entire range of the density.
NUCLEAR FUSION, Vo1.34, No.11 (1994) Quantitative theoretical results for the bootstrap current density are not available for either the experimental aspect ratio or the collisionality range of this study. The comparison for the low collisionality conditions, however, shows an agreement between the experimental and theoretical results within a factor of 2.
Furthermore the effect of microturbulence is not incorporated in the theories [ 11, [27] and [28] that have been used for comparison. This subject has been analysed theoretically by Yushmanov [34, 351, Pereverzev and Yushmanov [36] , Connor and Taylor [37] , Thyagaraja and Haas [38] , Yushmanov [39] and Haas and Thyagaraja [40] . It has been predicted [37, 401 , that the enhancement of the bootstrap current due to microturbulence is at most a factor of (R/r)1'2. Considering that the Mach number decreases, Figs 6 and 7, and that the degree of turbulence increases with increasing density [32] we conclude that for the present conditions the effect of microturbulence is not discernible and probably masked by the effect of charge exchange processes.
. APPLICATION OF THE EDGE MODEL ON RESULTS FROM THE ALT-I AND ALT-I1 PUMP LIMITER OPERATION
The results from Sections 3 to 5 can elucidate some of the observations on the pump limiters ALT-I and ALT-11, Dippel et al. [41] , Finken et al. [42, 431 and Goebel et al. [44] .
ALT-I -operational on TEXTOR until 1987 -was mounted in the equatorial plane and the different limiter heads had a limited extension in the poloidal and toroidal directions of typically 30 X 30 cm2. The particle flow collected by 'scoops' from the ion and electron drift directions were measured separately. The radial distance between the magnetic flux surface tangent to the limiter and the edge of the entrance of the scoops was between A = 1 and 2 cm. The particle flows into the ALT-I scoops are larger by a factor of 2 to 3 from the ion side than from the electron side, and the flux from the ion side is the larger one also when the plasma current is reversed [4 1, 421. Since the mean banana length is smaller than the connection length of ALT-I and the radial distance of the scoops from the leading edge of ALT-I is of the order of the ion banana width, the collection occurs from a neoclassical plasma. From the considerations in Section 4 one expects therefore the observations on the direction and on the absolute values of the flux asymmetry made on ALT-I1 is quasi-symmetric in the toroidal direction and is mounted 45" below the equatorial plane, as described in Section 2. The geometry of the scoops is similar to that of ALT-I. The connection length of ALT-I1 is not large compared with the mean banana length. In fact, the discussion of the experimental flow characteristics due to the Mach probe measurements in the shadow of ALT-11, Section 4, gave the result that the neoclassical flow does not extend significantly into the region r > rALT.II. The flow velocity at the entrance of the scoops is therefore expected to be about the same on the ion and electron sides. But the measured fluxes from the ion and electron sides into the scoops are different [43, 441. This difference is attributed, however, to the different densities on the two sides [45, 461 . But the resulting difference of the flow velocity from the ion and electron side into the ALT-I1 scoops is insignificant. The difference in the density can be explained by the fact that ALT-I1 is not mounted in the equatorial plane -in contrast to ALT-I -and thus the symmetry of the flux tubes in the scrape-off layer is broken.
Observations on the front face of ALT-11, however, have signatures attributed to a neoclassical plasma as expected: the heat flux is larger on the ion side than that on the electron side for both directions of the plasma current and independent of the direction of the toroidal magnetic field. The asymmetry factor of the heat flow has the value 2 for ( n e ) = 1 X lot9 m-3 and approaches unity for increasing density ( n e ) [43] .
ALT-I.
CONCLUSIONS
The ions in the edge plasma in front of the ALT-I1 limiter are in the banana/plateau regime. The qualitative flow characteristics expected from neoclassical theory for such plasmas could be confirmed experimentally to a large extent. Quantitatively good agreement for small densities has been found. At higher densities there is an in principle agreement with a recent neoclassical theory including the effect of neutrals. For further progress in the quantitative understanding of the edge plasma and especially of its transport properties, measurements of the neutral particle density is imperative. As far as theory is concerned the extension of the theory on bootstrap currents to finite aspect ratios as a function of collisionality is needed as well as the extension to non-weakly-coupled plasmas.
In general, it is compulsory to take the neoclassical character of the ions in the edge plasma into account to understand the particle transport in the edge plasma; but also the energy transport can only be understood if the neoclassical flows having large Mach numbers are included in the analysis.
In particular, the application of the physical picture of the edge plasma developed in this paper allows an understanding of the essential characteristics of particle exhaust by the pump limiters ALT-I and ALT-I1 and of the energy load on these limiters. The implications of the neoclassical character of the ions in the edge plasma are important and need further investigations as far as the understanding and steering of particle exhaust by pump limiters (and divertors) is concerned.
Finally it may be presumed that further study will lead to a better understanding and control of those core plasma modes that depend critically on edge plasma conditions.
